This review article focuses mainly on the scientific developments concerning the enzyme-mediated synthesis of sesquiterpenes which have been reported in the academic and patent literature during the last twenty years. Nevertheless, this is not a comprehensive description of every single biotransformation involving sesquiterpenes. Only synthetic approaches that have represented a new and innovative perspective from a scientific standpoint are reported. More specifically, the review describes in depth how the use of metabolic engineering of the microbial biotransformations and of the isolated enzymes were exploited in order to perform chemo-and stereoselective chemical transformations of interest for sesquiterpenes synthesis.
Under the general terms sesquiterpenes and sesquiterpenoids are described a very relevant group of compounds belonging to the huge family of natural products of terpenic origin and having a chemical framework of fifteen carbon atoms [1] .
Although sesquiterpenes are biogenetically deriving by the condensation of only three isoprene units, they display an astonishing diversity both concerning their chemical structure and biological activity. Alicyclic, mono, bi, tri and tetracyclic derivatives have been isolated from plants, animals, fungi, and bacteria.
Their properties as flavor and fragrance ingredients, synthetic building blocks and pharmaceutical compounds are strictly related to their stereochemical structure. As a consequence, the development of new synthetic methods for the stereoselective preparation of sesquiterpenes is of pivotal relevance. Although the majority of these products were prepared by either chemical synthesis or by extraction from plants, the employment of new enzyme-mediated processes has increased considerably in the past decades.
In this context, biocatalysis can play a primary role since it represents a useful tool in this field catalyzing a large number of stereo and regioselective chemical manipulations that are not suitably obtained by the less selective classical synthetic procedures. Moreover, contemporary microbiological techniques, including genetic engineering, have now enhanced the efficiency of the biocatalysis [2] [3] [4] [5] .
Furthermore, the increasing ecological sensitivity supports the choice of environmentally friendly processes both for the production of low value industrial commodities and for the synthesis of high value chemical specialties. In this review article, we summarize the most relevant results dealing with the enzymemediated synthesis of sesquiterpenes reported both in the academic and patent literature during the last twenty years.
In principle only two different routes could afford sesquiterpenes through the intermediacy of enzymes: de novo synthesis (fermentation) and biotransformation (or bioconversion). The former process refers to the production of sesquiterpenes by a living being (usually a micro-organism) starting from simple precursors such as sugars or amino acids, generally supplied from a growing broth. Otherwise, the biotransformation is a process which involves a generic chemical transformation mediated by an enzyme or a whole micro-organism. Usually, an advanced chemical intermediate is used as starting material which is then transformed into the desired sesquiterpene by an enzyme-catalyzed single chemical reaction.
Although both kinds of transformations exploit the high chemical selectivity exhibited by enzymes, it is worth noting that these two processes have only seldom been used independently. As a matter of fact, the successful elucidation of the biosynthetic pathways of isoprenoids has opened the prospective use of this knowledge to engineer any given biosynthetic pathway of terpenes of interest in heterologous organisms such as microbes and higher plant. In spite Serra of this great potential, the enormous complexity of the biological pathways, as well as the difficulties encountered in the production of specific sesquiterpenes using a single biosynthetic process, have hampered the exclusive use of the de novo synthesis. A much more flexible approach has consisted of the combined exploitation of de novo synthesis with further biotransformations or chemical reactions.
For instance, the sesquiterpenes α-farnesene (1), bisabolene (2) and farnesol (3) ( Figure 1 ) have been successful overproduced [3] [4] [5] in both engineered Escherichia coli and Saccharomyces cerevisiae, but the relevance of these processes, without the use of further chemical transformations, appear to be rather limited. Although α-farnesene and bisabolene are flavor ingredients [6], the farnesane (4) and bisabolane (5) obtainable through hydrogenation of 1 and 2 themselves are promising biofuel candidate [4] . Similarly, farnesol is used as such as a perfume component, but some of its derivatives have been studied as anticancer agents [7] , whereas the acid-catalyzed cyclization of 3 affords drimane sesquiterpenes [8] . More specifically the fluorosulfonic acidcatalyzed cyclization of either farnesol or farnesyl acetate affords either drimenol (6) or drimane-8,11-diol (7) , respectively that are prospective building blocks for the synthesis of ambrox® [9, 10] , a valuable fragrance extensively used in perfumery.
Concerning the successful combination of biotechnological and classical chemical processes, the syntheses of nootkatone and artemisinin are two synthetic challenges that have been successfully overcome by the combined use of these two approaches.
(+)-Nootkatone (9) ( Figure 2 ) possesses a pleasant grapefruit-like aroma and represents a highly sought after specialty chemical [11] . Unfortunately, it occurs in nature in trace amounts and, therefore, extraction is not a viable preparative approach. On the contrary, the oxidation of (+)-valencene (8) [12] has become an affordable process being performed through either a biocatalytic or chemical method.
(+)-Valencene is obtainable from orange oil and is itself a valuable flavor. Due to the increasing demand, this compound has become a rather expensive commodity and its supply could be seen as the 'bottle neck' of the nootkatone synthesis. Only recently, a new industrial process [13] started the production of (+)-valencene by the overproduction of this sesquiterpene in metabolically engineered Escherichia coli.
Figure 2:
The industrial production of (+)-nootkatone based on a biotechnological process.
Artemisinin 12 (Figure 3 ), a sesquiterpene endoperoxide produced by the plant Artemisia annua, has potent anti-malarial properties [14] . The worldwide diffusion of malaria, the efficacy of artemisinin-based therapy, and the unreliability of the supply of artemisinin have prompted studies on the synthesis of this terpene. In particular, impressive efforts have been made in order to develop a biotechnological process [5, [15] [16] [17] for the production of chemical intermediates to be used in artemisinin synthesis.
The first selected synthetic target was amorphadiene (10), whose de novo production [5, 15] was accomplished by heterologous overexpression of the mevalonate pathway in Escherichia coli. The improvements of the process resulted in the astonishing titer production of 27.4 g/L of amorphadiene. In spite of this successful approach, the microbial production of amorphadiene and its conversion to artemisinic acid is now being carried out in Saccharomyces cerevisiae using a single biotechnological step. Actually a number of difficulties were encountered in achieving an efficient conversion of amorphadiene to artemisinic acid. This was due to the low P450 monooxygenase activities expressed in E. coli. Only recently was a more effective S. cerevisiae strain designed in which the genes controlling the three step oxidation of amorphadiene were also overexpressed [17] .
As a result, the new process was able to afford artemisinic acid with a fermentation titer of 25 g/L. The acid 11 is then efficiently converted into artemisinin (12) through further chemical transformations. Overall, the genetic engineering of the artemisinin Enzyme-mediated synthesis of sesquiterpenes Natural Product Communications Vol. 10 (1) 2015 159 biosynthetic pathway has given a reliable access not only to this drug but also to amorphadiene and artemisinic acid which could be used as chiral building blocks for the synthesis of other sesquiterpenes.
It is worth noting that the detailed study of the sesquiterpene biosynthetic pathways [18] has furnished a powerful tool for the biotechnological production of many sesquiterpenes. Already now, it is possible to introduce a new metabolically engineered path into a heterologous host in order to obtain a given metabolite or to produce and exploit an enzyme able to catalyze a specific chemical transformation [2] . In this context the study of the cyclases [19] has played a primary role. These enzymes (also known as terpene synthases) are responsible for the cyclization of polyisoprenoid chains via intramolecular carbon-carbon bond formation reactions. In theory, this class of enzyme catalyzes, with high regio-and stereoselectivity, the transformation of a few simple precursors to give a huge number of different valuable isoprenoids. Hence, their prospective relevance is unquestionable and in the last years the number of studies dealing with these enzymes [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] has been continuously growing. In particular, the overexpression of a specific cyclase in a given biosynthetic path, as well as the simple exploitation of cyclase activity in order to perform a single chemical transformation, have been mostly investigated.
Of course, these approaches are far from being straightforward and usually the development of an industrial process based on this kind of biotransformation is a demanding process that takes a long time and much effort. Therefore, it is not a surprise that much of the research has described the synthesis of different sesquiterpenes through these approaches limiting the study to the scientific aspects and neglecting the issues inherent in yields, costs and isolation procedures.
As instances, we report some sesquiterpenes [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] that have been prepared by processes involving cyclase ( Figure 4 ). These (compounds 13-23) are only a limited sample of compounds, chosen among the large number of terpenes synthesized by this means.
As described for valencene and amorphadiene synthesis, the use of an isolated cyclase is not necessary and the preparation of these compounds is based on the overexpression of a specific cyclase activity in a heterologous host whose metabolism produces the necessary open chain isoprenoid precursors. It is worth noting that although β-caryophyllene (14), α-bisabolol (18), cedrol (22) and αsantalene (23) are fragrance ingredients of industrial interest, none of the sesquiterpenes 13-23 has been produced on a preparative scale as yet. In the same way, isolated cyclases have been extensively used only on a laboratory scale. In this context, some promising results have been obtained employing squalene-hopene cyclases [30] [31] [32] , a class of triterpene-cyclase possessing very broad substrate promiscuity. Squalene-hopene cyclases extracted from Alicyclobacillus acidocaldarius and Zymomonas mobilis are both able to transform racemic nerolidol (24) ( Figure 5 ) into a mixture of enantiopure ()caparrapioxide (25) and ()-8-epi-caparrapioxide (26) [30] . These diastereoisomeric sesquiterpenes have been identified from different natural sources and are among the odor active components of caparrapi oil and sun cured Greek tobacco.
Similarly, squalene-hopene cyclases extracted from Alicyclobacillus acidocaldarius [31] catalyzes the cyclization of farnesol (3) to give a mixture of bicyclic sesquiterpenes of which drimane-8,11-diol (7) is the major component, followed by drimenol (6) and albicanol (27) .
Another kind of biotransformation that has been applied in the synthesis of sesquiterpenes concerns the use of ene reductase [33] [34] [35] . These enzymes catalyze the NADPH-mediated reduction of a carbonyl-activated double bond. The mechanism of this reduction involves first the addition of a hydride (delivered from NADPH) to the carbon atom at the β position with respect to the activating group, followed by the addition of a proton from the medium to the α position [35]. Thus, the overall process is formally an asymmetric trans 'biohydrogenation'. Due to the low specific activity of this kind of enzyme and to the requirement of the co-factors, the reduction is usually performed using fermenting baker's yeast which is a cheap and user friendly micro-organism. Nevertheless, the direct yeast-mediated synthesis or bioconversions of the sesquiterpenoids have only seldom been carried out. The reduction of parthenine [36] ( Figure 6 ) is a remarkable exception. Through this transformation, both the activated double bonds of the bioactive lactone 28 were hydrogenated whilst the ketonic and lactonic functional groups were unaffected. The resulting product 29 is the naturally occurring sesquiterpene dihydrocoronopilin. A different approach, based on the baker's yeast mediated preparation of a specific chiral building block to be used in terpenes synthesis is a much more common procedure.
In this regard, the enantioselective baker's yeast-mediated reduction of (E)-3-aryl-but-2-en-1-al derivatives of type 30 (Figure 7 ) furnish the corresponding (S)-3-aryl-butan-1-ol derivatives 31 in good yield and very high enantiomeric purity (ee>95%) [37, 38] . The latter alcohols proved to be very useful chiral building blocks for the synthesis of the most common bisabolane sesquiterpenes bearing a benzylic asymmetric centre with (S) configuration.
Enantiopure alcohols of type 31 were transformed into sesquiterpenes of type 32 through a simple C 4 homologation step, followed by the eventually deprotection of the phenolic functional groups. This approach allowed the synthesis of the essential oil component (+)-curcumene (32a), as well as of the bioactive phenolic sesquiterpenes (+)-curcuphenol (32b), (+)-xanthorrhizol (32c) and (+)-curcuhydroquinone (32d), which have been isolated from different marine organisms and plants. Similarly, three different C 4 homologation processes were employed for the transformation of alcohols of type 31 into bisabolane sesquiterpenes (+)-turmerone (33a), (+)-nuciferal (33b) and (+)-1-hydroxy-1,3,5-bisabolatrien-10-one (34) [37, 39] , having a carbonyl functional group on the aliphatic chain.
Compounds 33a and 33b are flavor components of Curcuma species and of the wood oil of the Torreya nucifera tree, respectively. The enantioselective synthesis of the ketone (+)-34 allowed the unambiguous assignment of its absolute configuration and established that the natural occurring compound 34, extracted from different Juniperus species, is the opposite enantiomer [39] .
A similar biocatalytic approach, based on the enantioselective baker's yeast-mediated reduction of (E)-3-(4-methylcyclohex-3enyl)but-2-enal derivatives [40] , was exploited in order to face a different synthetic issue. The latter study concerns the stereoselective preparation of the bisabolene sesquiterpenes possessing two contiguous secondary stereogenic centres: one in the cyclohexene ring and the other in the side chain. Accordingly, aldehydes 35 and 36 (Figure 8 ) were prepared starting from commercially available R and S limonene, respectively and then were stereoselectively reduced using fermenting baker's yeast. The obtained diastereoisomeric alcohols 37 and 38 were used as building blocks in a multistep synthesis that furnish (+)-epijuvabione (39) and (-)-juvabione (40), the two diastereoisomeric forms of the well known sesquiterpene juvabione, which possesses juvenile hormone activity.
A different kind of biotransformation, based on the stereoselective reduction of the ketone functional group [41] , has been successful applied to the synthesis of several sesquiterpenic frameworks. As the reduction of any asymmetric ketone gives a couple of enantiomers, a very large number of chiral compounds have been prepared by performing this transformation with the help of the biocatalysis. In spite of this, only few of the obtained chiral building blocks were specially prepared and used for sesquiterpene synthesis.
In this contest, β-ketoesters and 1,3-diketones proved to be the most valuable substrates for this kind of reduction. The enzymes that catalyze the reduction of the ketonic functional group of the aforementioned classes of compounds are the keto-reductases [33, 34, 41] .
These enzymes exhibit great versatility and often high stereoselectivity as well. Indeed, although the reduction of the αsubstituted ketoesters and 2-substituted-1,3-diketones can afford up to four different isomers, the exploitation of the keto-reductase selectivity can allow the stereospecific preparation of only one stereoisomer. Moreover, this kind of process can be performed either employing isolated enzymes or microbial systems. Since the first approach requires the use of cofactors, the microbial biotransformation (usually performed employing available yeast strains) is the most viable process.
A representative example is the biocatalytic reduction of the ketoester 41 (Figure 9 ). This compound is easily prepared starting from (R)-pulegone and the obtained mixture of enantiopure diastereoisomers was reduced using baker's yeast [42] . Even though the trans keto ester isomer is the major component of the mixture, only the cis isomer was stereoselectively reduced. Since the rapid keto-enol equilibrium allows the interconversion of the two cis/trans isomers and the reduction proceeded with high diastereoselectivity, the alcohol 42 was the exclusive product of the reduction. The latter compound was used as a chiral building block in the synthesis of the proposed structure of trans-african-1α-ol, a sesquiterpene isolated from Lippia integrifolia. The aforementioned study demonstrated that the synthetic compound having structure 43 was not congruent with the natural product, opening the quest for a new structure assignation.
A slightly different topic concerns the reduction of the symmetric 1,3-diketone derivatives. In principle, these meso-compounds could be completely converted into a single enantiomeric form of the corresponding hydroxy-ketone. Some authors have exploited these strengths in order to prepare enantiopure intermediates to be used for sesquiterpenes synthesis. As limited examples, we report the baker's yeast-mediated reduction of diketones 44 [43, 44] and 47 [45] that afforded enantiopure keto-alcohol derivatives 45 and 48, respectively, which were in turn employed for the synthesis of the sesquiterpenes (-)polygodial (46) and hirsutene (49) , respectively.
Also a large number of asymmetric 1,3-diketones have been successful chosen as substrates in microbial biotransformations, but only few of these processes have been used for the synthesis of terpenic compounds. Some noteworthy exceptions concern the yeast-mediated reduction of diketo derivatives 50 [46] , 53 [47] and 56 [48] . Baker's yeast converted the spiro-derivative 50 into enantiopure keto-alcohol 51, which is a suitable starting material for the preparation of terpenes having a pentalene framework 52.
Similarly, cyclohexanic diketoderivatives 53 and 56 were reduced with baker's yeast and a Torulaspora delbrueckii strain, to give hydroxyketones 54 and 57, respectively. The latter studies did not directly employ these compounds in sesquiterpenes synthesis. In spite of this fact, the enantiopure bicyclic ketone 55, obtained straightforwardly from compound 54, is a known starting material for sesquiterpenes preparation, whereas compound 57 was claimed to be a useful intermediate for the construction of the (-)-daucene (58) framework.
Beside the aforementioned reductive biotransformations, a large number of biocatalytic oxidative processes have recently been set up [12, [49] [50] [51] [52] . Oxidation of both unactivated and allylic hydrocarbon functional groups, conversion of alcoholic groups into carbonyl groups, epoxidation, Baeyer-Villiger oxidation, hydroxylation of arenes and oxidative cleavage of carbon-carbon double bonds are the most relevant biocatalytic reactions which have been involved in terpenes-related processes. Unfortunately, these transformations have only seldom been applied to sesquiterpenes synthesis.
A few exceptions are noteworthy and the most relevant one concerns the oxidation of an allylic methylene functional group belonging to a hydrocarbon molecule. This kind of demanding transformation has been exploited to convert available sesquiterpene hydrocarbons into high value sesquiterpenes. Usually, this oxidation is catalyzed by cytochrome P450 monooxygenase and the preparative processes reported to date in the literature are based on the use of microbial systems, often metabolically engineered, to overexpress the proper monooxygenase activity.
A representative example is the above described transformation of (+)-valencene (8) to (+)-nootkatone (9) , which has become a viable industrial process thanks to the combination of the microbial oxidation with the biotechnological production of valencene itself. 162 Natural Product Communications Vol. 10 (1) 2015
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Toluene dioxygenases are another example of enzymes that catalyze synthetically useful transformations [51] . Enantiopure cisdihydroxycatechol (59) ( Figure 10 ) was obtained by dihydroxylation of toluene by means of different Pseudomonas putida strains, which express this enzymatic activity. The latter enantiopure diol proved to be a suitable chiral building block for the synthesis of different sesquiterpene frameworks. (-)-Patchoulenone (60) [53] , (+)-connatusin B (61) [54] and (+)-armillarivin (62) [55] are some relevant sesquiterpenes prepared starting from compound 59.
A last group of enzymes that have displayed a pivotal relevance in natural products synthesis are those belonging to the general class of hydrolases. These enzymes catalyze both the hydrolysis and the formation of different functional groups. Among them the most relevant are esters, amides, lactones and lactams. As already described for other biotransformations, the hydrolase-catalysed reactions usually proceed with very high regio-and stereoselectivity. The functional groups involved in these processes (alcohols, esters, acids, amines and amides) are easily preparable and chemically stable, thus allowing the use of this kind of biotransformation both on the laboratory and industrial scales. In particular, lipases and esterases [56] have proved to catalyze the esters formation/hydrolysis with an enantioselectivity highly dependant upon the type of substrate employed.
Since the latter two enzyme families have great stability, are commercially available, do not require cofactors and do not need demanding experimental conditions, their use has become customary, giving to chemists a new and effective tool to perform organic synthesis.
In this context the lipase/esterase enantioselectivity has been exploited, especially to carry out the resolution of racemic compounds. As the two enantiomeric forms of a racemic mixture have the same chemical-physical properties and are not easily separable, the ester (alcohol) produced biocatalytically is most likely separable from the unreacted alcohol (ester) of opposite absolute configuration. This approach was employed for the resolution of a number of terpenic alcohols, as well as for the preparation (via resolution of racemic mixture) of specific chiral building blocks to be used in natural products synthesis.
Some particular alcohol/ester frameworks were effectively resolved and specially used for the enantiospecific preparation of different sesquiterpenes. In this regard, a relevant topic concerns the resolution of primary alcohols bearing a stereocentre in the αposition. The resolution of many compounds of this kind was successful accomplished using lipase-mediated reactions.
A relevant example is the resolution of substituted 2-aryl-propanol of type 63 [57] (Figure 11 ). This study prove that PPL is a very versatile lipase catalyzing the irreversible acetylation of (S)-63 with vinyl acetate, with an enantiomeric ratio (E) value that ranges from 1 up to 144, depending on the substrate used. The type of substituents and particularly their position on the aromatic ring strongly affected the selectivity of the reaction. In particular, a methyl substituent situated at the para-position to the aliphatic chain or the presence of a methoxy group greatly increased the enantioselectivity.
The remarkable behaviour of PPL was employed in the large scale resolution of some substituted 2-aryl-propanols whose enantiomeric forms are relevant building blocks in the enantioselective synthesis of phenolic sesquiterpenes. By these means, the synthesis of (R)-1,2,11-trihydroxy-1,3,5,9-bisabolatetraene (64) [58] , a phenolic metabolite extracted from the resins of the plant Commiphora kua, of (S)-turmeronol B (65) [57] , a lipoxygenases inhibitor isolated from turmeric spice, as well as the formal syntheses of the (R)-enantioform of the already described curcumene (32a), curcuphenol (32b), xanthorrhizol (32c), and curcuhydroquinone (32d) were accomplished. Enzyme-mediated synthesis of sesquiterpenes Natural Product Communications Vol. 10 (1) 2015 163
Different lipases were used for the resolution of other kinds of racemic primary alcohols and carboxylic acid esters which are of interest in sesquiterpene chemistry.
Lipase OF-360 from Candida rugosa was selected in order to accomplish the resolution of substituted (±)-5-acetoxy-4-aryl-(2E)pentenoates [61] (Figure 12 ) through the hydrolysis of the acetate ester functional group. By means of this enzymatic transformation compounds of type 70 were obtained in high enantiomeric purity and were transformed into the phenolic sesquiterpenes (R)-elvirol (71) [62] and (S)-curcudiol (67) [63] .
Albicanol (27) is a bicyclic sesquiterpene having a primary alcohol functional group and occurring in nature as its (8aS)-enantiomer. Both enantiomeric forms of 27 have been used as chiral building blocks in natural products synthesis. Racemic albicanol of synthetic origin was resolved [64] through enzyme-mediated irreversible acetylation using lipase QL as catalyst and isopropenyl acetate as acyl donor to afford the (8aR)-isomer in very good enantiomeric purity.
An improvement in the enantioselectivity control of the primary alcohol resolution was achieved by tuning the steric/stereoelectronic characteristic of the acyl donor. Through this kind of approach and using lipase PS as catalyst and vinyl 3-(4trifluoromethylphenyl)propaonate as acyl donor the acylation of racemic alcohol 72 [65] was performed with a very high enantiomeric ratio (E=331) to afford enantiopure (R)-72. The reductive removal of the hydroxyl functional group gave (R)-5,6dehydrosenedigitalene (73), a norsesquiterpene isolated from the aerial part of the plant Senecio digitalifolius.
The enzyme-catalyzed hydrolysis of primary carboxylic acid esters, even if exploited less frequently, was successfully employed for the resolution of some useful chiral building blocks. A relevant example concerns the lipase PS-C mediated resolution of 3-arylbutanoates [66] that affords enantioenriched acids of type 74 which were suitably converted into sesquiterpenes (S)-curcumene (32a), (S)-curcuphenol (32b) and (7S,9R)-bisacumol (75) [67] .
Easy available meso diols or diesters are an interesting class of compounds that could be properly transformed into enantioenriched derivatives by means of lipase-mediated acylation or hydrolysis [68] . In contrast to the classical kinetic resolution of a racemate, the asymmetrization of a meso compound in principle can give the product in up to 100% chemical yield with an enantiomeric purity that depends only on the enzyme selectivity and not upon the extent of the conversion. However, the drawback is related to the inherent problem of obtaining only one enantiomeric form if the enzyme is to be able to transform the substrate into the required isomer with high selectivity.
This favorable situation was exploited for the synthesis of different sesquiterpenes (Figure 13 ). Enantiopure compound 76 [69] and 78 [70] were obtained by lipase-catalyzed acetylation and hydrolysis of the corresponding diol and dimethylester, respectively.
Similarly, the 2-aryl-propan-1,3-diol monoacetates 81 [71] and 83 [72] were prepared in very high enantiomeric purity by PPLcatalyzed acetylation of the corresponding diols. Overall, compounds 76, 78, 81 and 83 were used as building blocks for the synthesis of the sesquiterpenes (-)-curcumanolide A (77), (-)-βcuparenone (79), (-)-α-cuparenone (82) and (-)-heliannuol A (84), respectively.
Enantiopure cyclopentendiol derivative 80 [73] was obtained through lipase PS mediated acetylation of the corresponding racemic alcohol, which is not a meso compound, but was prepared starting from the meso 1,4-cyclopentendiol.
This approach was specially chosen since it allows both enantiomeric forms of compound 80 to be obtained (that is not possible starting from a meso derivative), which were used as building blocks for the synthesis of (+)-and (-)-α-cuparenone (82).
Lastly, we report the lipase-mediated resolution of some racemic secondary alcohols and secondary alcohol esters whose enantiomeric forms were afterwards used for the synthesis of sesquiterpenes. Figure 13 : The lipase-mediated resolution of meso-alcohols. From left to right: the lipase and the acyl donor used for the resolution, the obtained enantioenriched ester and the sesquiterpene prepared using the latter chiral building block. (85) [74] was obtained in high isomeric purity by means of lipase PS-mediated acetylation of a diastereoisomeric mixture of the racemic 4-hydroxy-γ-ionone.
4-Acetoxy-γ-ionone
The enzymatic reaction proceeds both diastereo-and enantioselectively as only the cis diastereoisomer having 4R6S configuration was acetylated. The obtained compound 85 was transformed into the sesquiterpene (S)-γ-monocyclofarnesol (86) [75] , which is in turn a relevant chiral building block for the synthesis of a number of diterpenes [76] . Another cyclohexenol derivative, the bicyclic acetate 87 [77] , was prepared by resolution of the corresponding racemic alcohol using vinyl acetate and chirazyme L-2 as catalyst. The latter enantiopure acetate was used for the synthesis of glaucescenolide (88), which is a cytotoxic metabolite isolated from liverwort.
The two cyclopentanol derivatives 89 [78] and 91 [79] , as well as the bicyclopentandiol 93 [80] were obtained as unreacted compounds after lipase-catalyzed acetylation, hydrolysis and acetylation, respectively, of the corresponding racemic starting materials. These chiral building blocks showed good enantiomeric purity and were exploited in three different stereoselective syntheses in order to prepare just as many sesquiterpenes.
Accordingly, compounds 89, 91 and 93 were transformed into the natural occurring enantiomeric form of the cuparane derivative tochuinyl acetate (90), of the spirocyclic tetrahydrofuranyl ether dactyloxene (92) and of the tricyclic hydrocarbon kelsoene (94), respectively.
Finally, we report the use of the enzymatically resolved compound 95 for the synthesis of (1S,4S)-cis-7-methoxy-calamenene (96), a sesquiterpene derivative isolated from liverwort cell culture. The enantiopure acetate 95 was obtained by lipase PS-mediated acetylation of the corresponding racemic alcohol, according to a reported study on the resolution of 4-aryl-3-buten-2-ol derivatives [81a] . The transformation of the acetate in the corresponding alcohol followed by Claisen-Johnson rearrangement allowed the stereoselective building of the benzylic stereocentre linked to the isopropyl group. A number of further chemical steps were then necessary to complete the synthesis of the calamenene derivative 96 [81b].
In conclusion, the overview of the examples reported in this review indicates that the use of enzymes for sesquiterpenes synthesis has been continuously growing in the last years. The procedures based on the use of either hydrolases or available microorganisms are by now well established, have become customary in laboratory practice and their extensive employment is confirmed by the plethora of sesquiterpenes prepared by these means.
The methods based on the exploitation of metabolic engineering are still at their early stage of evolution although both the effort spent in their development and the first very promising results obtained suggest that further relevant applications will be developed, especially for sesquiterpenes synthesis. 
